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Abstract
Many transportation agencies such as Departments of Transportation in the USA are using Asset Management Optimization models
to plan their maintenance and rehabilitation projects. Currently available commercial solutions are often focused only on global
asset performance/money spent aspect of the problem and do not take into account the beneﬁts of synergy between the projects,
i.e. the beneﬁts of scheduling nearby projects in the same year in order to take advantage of ﬁxed cost savings due to economies
of scale. At the strategic level adding variables and constraints to account for these economies of scale are not practical since
such models often already have millions of variables and constraints and adding anything new could reduce the performance
signiﬁcantly. Looking at the problem from a tactical perspective however it is possible to run an analysis on the global work plan
that can improve cost savings from economies of scale with subtle changes to the originally analyzed performance. For example,
in case of pavement management it is a common result to see gaps in the produced theoretical work plans along a route that
would result in increased mobilizations to accomplish the plan. This results in extra costs both for the agency and road user. A
common result might suggest ﬁxing miles 1-8 and 9-10 in the one year and then ﬁxing mile 8-9 in a subsequent year. Even if this
solution provided the best performance for the money it is impractical to actually do it, it would make much more sense to simply
ﬁx entire 10 mile segment while achieving almost the same performance and saving mobilization costs which can be signiﬁcant
cost savings. A project coordination optimization model would analyze economies of scale problems such as these while also
considering network constraints such as limited budgets and resources available within the administrative unit managing the work
plan.
This paper proposes an optimization model, referred to as Project Coordination model throughout the paper, that would attempt
to improve an already created work plan by slightly changing the project schedules such that the adjusted plan would achieve similar
performance while providing a more practical solution by maximizing economies of scale with reduced delivery and mobilization
costs. The results of applying proposed model to one illustrative example and two real life work plans are presented and thoroughly
analyzed.
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Peer-review under responsibility of the Conference Program Chairs.
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1. Introduction
Many transportation agencies such as Departments of Transportation in the USA are using asset management
optimization models to plan their maintenance and rehabilitation projects. Currently available commercial solutions
are often focused only on global asset performance/money spent aspect of the problem and do not take into account
the beneﬁts of synergy between the projects, i.e. the beneﬁts of doing close (in the location sense) projects in the same
year. We refer to such models as Asset Management models.
Asset Management models are the hardest to solve class of models in the maintenance optimization literature and
optimize system-wide performance over given time horizon. They include a single asset life-cycle models for each
asset as well as performance constraints for entire system. See Dahl, G. and H. Minken1, Lamptey et al. 3, Wang et
al. 5, Scheinberg T. and P. Anastasopoulos4 for interesting selection model formulations. De La Garza et al. 2 has a
good overview of prior research in network-level optimization.
It is clear that these Asset Management models’ work plans do achieve near-optimal results for a given set of inputs
where each asset is treated independently and their output is suﬃcient for budgeting purposes. However, such work
plans are often impractical when it comes to the implementation step. For example, in case of pavement management
it is common to see some gaps in the produced theoretically optimal work plans. Figure 1 is a graphical representation
of an optimal pavement maintenance plan that one of actual Asset Management models produced. Treatments for a
speciﬁc route are displayed, where Y-axis represents plan year and lane number and X-axis represents location along
a route. Green is used to display preventative maintenance treatments, blue for corrective maintenance treatments and
red for rehabilitation projects. As one can see the plan is impractical and would require multiple mobilization of work
forces to the same locations disrupting traﬃc and incurring the same mobilization costs multiple times. Like the video
game “Tetris” it begs for the projects to be coordinated and brought into line. There are a few holes that are scheduled
for the next year. It would make much more sense to simply treat half of this road section in year 2012 and the other
half in 2017.
Fig. 1. Work plan
It is even more common to have treatment misalignments when combining work plans from two diﬀerent models.
For example, bridge and pavement management models are typically run independently from each other. When
combining bridge and pavement work plans it is possible to have heavy bridge treatment in one year followed by road
maintenance around the bridge the next year, instead of doing bridge and surrounding pavement treatments in the
same year.
Accounting for these economies of scale within the model such that the output projects are coordinated would
help to ﬁx this behavior but majority of literature on asset management optimization models ignore such eﬀects and
there is a good reason to do so, real life problems are often very large and including such dependencies would further
enlarge problems that are already large. However, this omission results in impractical work plans as illustrated above.
What happens in the industry right now is engineers after spending enormous amount of time collecting proper data
for the Asset Management models and then tuning them to produce good results end up spending even greater amount
of time adjusting theoretical work plans to make them suitable for actual implementation. To address this issue the
authors introduce an optimization model, referred in this paper as the Project Coordination model, that will attempt to
adjust an existing work plan to make it more suitable for practical use by taking into account the economies of scale
gained by scheduling projects in a coordinated fashion that will reduce mobilization and user costs.
The paper is organized as follows. First the authors discuss in detail the setup for the Project Coordination model.
In the next section the Integer Programming(IP) formulation for the model is presented. Lastly, the authors test
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proposed model on one illustrative example followed by two actual work plans for a large State District as well as one
long route and discuss the results.
2. Problem Discussion
What is it that we want from the Project Coordination model? It is our assumption that Asset Management models
were used to come up with a combined work plan or work plan was composed by other means. This work plan assures
satisfactory global performance but might be not ready for practical implementation. Our goal is to formulate a model
that would slightly reschedule this strategic work plan in order to make it more practical, if possible, for implementa-
tion. The formal meaning for slight modiﬁcation is we do not allow to change project’s scheduled execution year by
more than some given number of years. Allowable change would typically translate to plus/minus one year. Assets
that various transportation agencies manage do not deteriorate quickly, so by having such a small reschedule window
we ensure that resulting work plan would still be close to the theoretically optimal one with respect to the projected
condition or performance of the assets taken as a whole.
Why do Asset Management models produce impractical work plans? Work plans provided by the models might be
impractical because treatments for every asset are considered independently from each other, only global performance
is of importance and so nearby projects might not be treated at the same year since the economies of scale gained
by spreading ﬁxed costs across coordinated projects are not considered in typical strategic level analysis. Hence, for
the Project Coordination model to work it should maximize the beneﬁts from economies of scale - namely the cost
savings provided by sharing ﬁxed costs across multiple projects. There are a few possible economies of scale eﬀects
that can be taken into account when trying to improve existing work plan. The proposed in the paper model is focused
on two of them:
• savings in users cost due to scheduling adjacent projects together with “heavy” projects - projects that will
already incur high user costs by required road closures
• cost savings from sharing mobilization and ﬁxed project costs across multiple coordinated projects
As an example of heavy project, one might consider bridge replacement. The bridge in question is often closed
and all traﬃc is detoured somewhere else. This means that all roads used to get to that bridge will have reduced
traﬃc or no traﬃc at all, so from a user cost point of view, this gives an opportunity to ﬁx all roads around the bridge
without incurring any additional user delays. Projects like bridge replacement or any other treatments that result in
road closure we classify as heavy projects. All potential adjacent projects that can be scheduled together with heavy
projects we call “cluster”. Scheduling cluster projects in the same year as the heavy project results in user cost savings
associated with such cluster projects.
It is assumed that every project has ﬁxed cost component in addition to the variable costs due to the project size
and treatments applied. In typical transportation projects the ﬁxed costs are normally named mobilization costs or
the costs to bringing all required equipment and traﬃc control to the project site. If two neighboring projects are
scheduled together then both projects can beneﬁt from one instance of the mobilization saving the second instance
that would need to be repeated if the projects occurred during two diﬀerent years. Table 1 shows three possible work
plans for a four-mile long road section. Assuming that the mobilization costs are the same for all four projects, only
the number of mobilizations are of importance. For case (a) only one mobilization cost is paid instead of four, so we
would save three costs. For case (b) there are no savings and for case (c) the savings are equal to two.
Table 1. Possible work plans
a)
Mile 1 2 3 4
Year 1 X X X X
Year 2
Year 3
Year 4
b)
Mile 1 2 3 4
Year 1 X
Year 2 X
Year 3 X
Year 4 X
c)
Mile 1 2 3 4
Year 1 X X
Year 2
Year 3 X X
Year 4
It is our assumption that ideally we would want to group as many projects together as we can. Hence, the only
reason to split a large group of projects into two years or more would be the lack of resources (monetary and/or labor)
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to complete them. Each project belongs to a particular organizational unit (maintenance yard, transportation division,
etc.) which is responsible for delivering the projects either through in-house or contracted work. These units have a
ﬁnite amount of available resources, budgets and contracting capacity to accomplish work in a given year. In order
for the Project Coordination model to produce practical work plans these limitations should be taken into account.
The following section provides the formal IP formulation of the model encompassing the ideas discussed in this
section.
3. Project Coordination Model
Sets:
T set of optimization periods
P set of maintenance projects
H set of heavy maintenance projects that require road closures
D set of districts (administrative units)
Tp set of feasible years to do project p
Pt set of projects that can be scheduled in year t
Pd set of projects that can be scheduled in district d
Np set of neighbor projects for project p. Scheduling these projects together with p in year t will result in the reduction
of ﬁxed cost
Kp set of cluster projects around heavy project p. Scheduling cluster projects for p together with p in year t will result
in the reduction of user cost. Heavy project p1 can not be considered as cluster project for any other heavy project p
Data:
ctp project cost for project p in year t
ltp labor cost of project p in year t
δtp,i reduction in delivery cost for scheduling project p and its “neighbor” i in year t
φtp user cost associated with project p in year t
Ltd available labor for district d in year t
Btd available budget for district d in year t
Variables:
xtp is equals to 1 if project p is scheduled in year t, 0 otherwise
stp,i is equals to 1 if project p and “neighbor” project i are both scheduled in year t, 0 otherwise
qtp,k is equals to 1 if heavy project p and clustered project k are both scheduled in year t, 0 otherwise
IP formulation for Project Coordination model:
max
x,q,s
∑
p∈P
∑
t∈Tp
∑
i∈Np
δtp,i s
t
p,i +
∑
p∈H
∑
t∈Tp
∑
k∈Kp
φtkq
t
p,k (1)
s.t.
∑
p∈Pd∩Pt
ctpx
t
p ≤ Btd, t ∈ T, d ∈ D
∑
p∈Pd∩Pt
ltpx
t
p ≤ Ltd, t ∈ T, d ∈ D
stp,i ≤ xtp, p ∈ P, i ∈ Np, t ∈ Tp ∩ Ti
stp,i ≤ xti, p ∈ P, i ∈ Np, t ∈ Tp ∩ Ti
qtp,k ≤ xtp, p ∈ H, k ∈ Kp, t ∈ Tp ∩ Tk
qtp,k ≤ xtk, p ∈ H, k ∈ Kp, t ∈ Tp ∩ Tk∑
t∈Tp
xtp = 1, p ∈ P
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A set of projects deﬁned by Pd ∩ Pt gives the projects that belong to administrative unit d and can be scheduled
in year t. The following combination p ∈ P, i ∈ Np, t ∈ Tp ∩ Ti gives us “neighbor” projects p and i that can both be
scheduled in the same year t. Lastly, combination p ∈ H, k ∈ Kp, t ∈ Tp ∩ Tk gives us cluster projects k for heavy
project p that can be scheduled at the same year t with p.
The overall objective of Project Coordination Model (1) is to maximize ﬁxed cost reduction plus the savings in user
cost due to scheduling heavy projects together with corresponding cluster projects. The ﬁrst and the second constraints
are restricting budget and labor respectively, for available values for each administrative unit in every year. The 3rd
and 4th constraints are set ﬁxed cost variables s to 1 if both “neighboring” projects are scheduled together. The 5th
and 6th constraints are set cluster variables q to 1 if cluster projects k of heavy project p are scheduled together with
heavy project p. The last constraint makes sure every project is scheduled. Note that “=” sign might be changed to
“<=” if dropping projects is allowed. Also with this setup we count the reduction of ﬁxed cost twice, so if one wants
to save 10$ for scheduling two projects p and i together in year t then δtp,i should be 5$.
We would like to point out that the modiﬁed work plan produced by Project Coordination Model might be less
eﬃcient in the overall performance sense than the original work plan, since the model does not have any performance
constraints. It is possible to limit this drift from optimal performance, however, this issue is beyond the scope of this
paper. The main focus of this paper is to identify if substantial savings can be made through project coordination.
4. Computational Results
In this section the Project Coordination model is tested using one illustrative example and two real life work plans
(a work plan for entire division and a work plan for a large route). In both cases existence of heavy treatments is
ignored. In the ﬁrst round of testing the authors are focused on analyzing the model’s grouping potential. Also all
δtp,i’s were assumed to be qual to 1.
4.1. Illustrative example
We will consider a 5-year work plan for a 7-mile long road section that has no heavy treatments. All data required
is presented in Table 2. For example, the ﬁrst record describes project #1 an overlay starting at mile 0 and ending at
mile 1. It is scheduled for year 3 and will cost $10,000. In addition it has a neighbor project #2. Lastly according to
the model setup it is permissible to schedule project #1 in years 2,3 and 4.
Table 2. Illustrative example: Model data
Project # Route Id District Id Start Mile End Mile Treatment Plan Year Cost (Cp) Neighbors (Np) Schedule (Tp)
1 1 1 0 1 Overlay 3 10000 2 2,3,4
2 1 1 1 2 Overlay 4 10000 1,3 3,4,5
3 1 1 2 3 Overlay 5 10000 2,5 4,5
4 1 1 2 3 Overlay 1 10000 5 1,2
5 1 1 3 4 Overlay 3 10000 3,4,6,7 2,3,4
6 1 1 4 5 Overlay 1 10000 5,8 1,2
7 1 1 4 5 Overlay 5 10000 5 4,5
8 1 1 5 6 Overlay 2 10000 6,9 1,2,3
9 1 1 6 7 Overlay 3 10000 8 2,3,4
Graphical representation of deﬁned above work plan is given in Figure 2. Optimal Project Coordination Model
solutions with annual budgets of $20,000, $30,000, $40,000 and $50,000 are presented in Table 3.
As one can see as annual budget grows the grouping of projects is increasing. It is worth mentioning that for
budgets $30,000 and $40,000 the objective functions for both cases are equal to 10, meaning, that potentially the
solutions could be the same for two cases. However, they are diﬀerent and solution for $40,000 seems more grouped
than the solution for $30,000. Also for the solution with budget $50,000 there are no beneﬁts to move project 7 from
year 5 to year 4 but it is moved which makes solution look more grouped. It is not unheard of that due to the nature
of optimization algorithm optimal solutions for particular model structures might demonstrate certain properties.
However, it remains to be seen if this is the case for the Project Coordination model.
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Fig. 2. Illustrative example: Original work plan
Table 3. Optimal solutions for illustrative example using diﬀerent annual budgets. From left to right $20,000, $30,000, $40,000 and $50,000
respectively
4.2. Real life example
For the real life example we chose two work plans. The ﬁrst work plan is a 5-year work plan that has pavement
treatments for all routes in a particular district. The second work plan, the route work plan, has 762 projects with the
same annual budgets along a single long route.
The ﬁrst work plan, called district work plan, has 4748 projects and each year budget is limited to $10,000,000.
The second work plan, route work plan, has 762 projects with the same annual budgets (note that the budget was not
divided among diﬀerent districts, it belongs to the entire route).
For these two instances it is hard to produce a graphical representation, so instead we report the ﬁxed cost savings
due to economies of scale for the original and modiﬁed work plans. This should give us a good idea of the eﬀectiveness
of the proposed model. In addition the distribution of merged projects is also presented.
The ﬁrst district based work plan (with 4,748 projects) had 17,937 constraints and 18,795 variables in the ﬁnal
optimization model. It took 45 seconds to solve the IP to optimality. The maximized objective function value (the
total ﬁxed cost savings) at optimality was 2,452. The ﬁxed cost savings for the original district work plan are equal
to 1,520. This results in over 60% increase in ﬁxed cost savings over the original work plan due to the eﬃciencies
provided by economies of scale. Table 4 shows the length distribution of merged projects assuming that adjacent
projects scheduled in the same year are merged into one. The original plan had 3,988 total projects and adjusted work
plan reduced that number by 439 projects, or 10% reduction in the total number of merged projects.
Table 4. District example: Distribution of projects by size for the original and modiﬁed work plans
Project Size 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 Total
Original Work Plan 3457 383 85 49 12 0 2 0 0 0 0 0 0 0 0 3988
Modiﬁed Work Plan 2855 439 134 63 29 14 5 4 1 3 1 0 0 0 1 3549
The optimization model for the second work plan (along a route) had 2,043 constraints and 2,605 variables. It took
less than one second to solve it to optimality. The objective function at optimality (total ﬁxed cost savings) was 278.
The same savings for the original work plan were 134. Thus the adjusted route work plan doubled the delivery cost
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savings. Table 5 shows the length distributions of the projects from this analysis. The original plan had 611 merged
projects and the adjusted work plan reduced that number by 65 projects, again about a 10% reduction in the total
number of projects to be merged.
Table 5. Route example: Distribution of projects by size for the original and modiﬁed work plans
Project Size 1 2 3 4 5 6 7 8 9 10 Total
Original Work Plan 504 75 24 6 0 2 0 0 0 0 611
Modiﬁed Work Plan 417 78 31 12 3 3 1 1 0 0 546
As one can see the model improved original work plan in both cases quite a bit while maintaining the same budget
each year.
5. Conclusion
Many transportation agencies such as Departments of Transportation in the USA are using Asset Management Op-
timization models to plan their maintenance and rehabilitation projects. Currently available commercial solutions are
often focused only on global asset performance/money spent aspect of the problem and do not take into account the
beneﬁts of economies of scale by scheduling projects to minimize ﬁxed project costs and user delay. These ineﬃcien-
cies can often be seen in globally optimal work plans in pavement management analysis where gaps in treatments are
present along a single route. To address this issue authors proposed the Project Coordination Optimization model that
would attempt to adjust existing work plans by considering the economies of scale realized by sharing ﬁxed project
costs across merged projects. While two economies of scale eﬀects are proposed - mobilization and ﬁxed project costs
and user delay cost savings, this paper presented the analysis of ﬁxed cost savings. The proposed model showed inter-
esting results when applied to work plans along a single route and across a single district of a transportation agency.
The analysis showed that the model achieved a 10% reduction in the overall number of projects (assuming adjacent
projects in the same year are merged) and which then substantially increases cost savings due to the economies of
scale realized by sharing ﬁxed costs.
However, the model does have its limitations. For example, the proposed model operates against pre-created work
plans and it does not propose new or remove previously suggested projects from the overall work plan. Also, using
the model as is might produce considerably worse than original work plan (in the performance sense) despite the fact
that the changes allowed are quite small. Additionally, for continued improvements it might be beneﬁcial to include
route congestion factors due to the scheduled projects within the model in order to have additional control over the
extent of project coordination. The authors plan to explore these and other ideas in the future research.
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